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Hypernatremia inhibits NaHCO3 reabsorption and associated
NaC1 reabsorption in dogs
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and FREDRIK KIlL
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Hypernatremia inhibits NaIICO3 reabsorption and associated NaCI
reabsorption in dogs. To examine the effect of selective rise of plasma
NaC1 concentration (hypernatremia) on NaHCO3 reabsorption and
associated NaC1 reabsorption remaining during continuous ethacrynic
acid infusion, hypertonic NaC1 solution was infused in three groups of
anesthetized volume—expanded dogs. In six dogs examined at constant
hematocrit and plasma pH, bicarbonate and water reabsorptions were
inversely related to PNa and reduced by 37% and 39% respectively by
raising PNa from 140 to 200 mrsi. Chloride reabsorption remained
essentially constant until Na exceeded 170 to 180 mat. At PNa 200 mM,
sodium reabsorption was reduced by 22 6%. In six other dogs,
mechanical variations of GFR showed that the inhibitory effects of
hypernatremia (PNa 199 3 mat) were less pronounced at low GFR.
After subsequent administration of acetazolamide (30 mg/kg body wt),
only 20% of control bicarbonate reabsorption remained and glomerulo-
tubular balance was completely abolished. Both hypernatremia and
acetazolamide inhibited NaHCO3 and NaCI reabsorption in a molar
ratio of about 1:2, as in normonatremic dogs, Finally, experiments in six
dogs showed that the inhibitory effects of hypernatremia (PNB 213 4
mM) were not altered by varying PCO2 and plasma pH. We conclude
that hypernatremia inhibits paracellular water and MaCi reabsorption in
the proximal tubules by reducing the osmotic force caused by transcel-
lular NaHCO3 reabsorption. A rise in PN does not stimulate transcel-
lular NaCI reabsorption during distal inhibition by ethacrynic acid.
A rise in filtered sodium caused by an increase in GFR is
associated with a proportional rise in proximal tubular reab-
sorption (glomerulotubular balance). In contrast, a rise in
filtered sodium caused by a selective rise in plasma concentra-
tion of NaCl (hypernatremia) has given divergent results, both
in micropuncture studies and in studies on the whole kidney.
Proximal tubular reabsorption has been found to increase [1—31,
remain constant [4, 51 or fall [2, 61.
Several studies of hypernatremia on the whole kidney have
been made without pharmacological inhibition of sodium reab-
sorption in Henle's loop. With a single exception [71, the
increase in sodium excretion has been associated with in-
creased tubular reabsorption of sodium [8—141. In two of these
studies, bicarbonate and chloride reabsorption were measured
[8, 91. In both studies it was concluded that there exists an
inverse relationship between bicarbonate and chloride reab-
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sorption, suggesting competition between bicarbonate and chlo-
ride ions for a common reabsorptive mechanism in the proximal
tubules. However, increased sodium delivery from the proxi-
mal tubules increases energy—requiring NaC1 reabsorption in
Henle's loop [15, 16]. It is, therefore, possible that the rise in
the reabsorption of sodium and chloride during hypernatremia
takes place in Henle's loop rather than in the proximal tubules.
The increase in reabsorption in Henle's loop following in-
creased delivery from the proximal tubules can be prevented by
administering ethacrynic acid [17, 18]. In conventional doses,
ethacrynic acid inhibits transcellular NaC1 reabsorption without
affecting NaHCO3 reabsorption [19]. Subsequent administra-
tion of a carbonic anhydrase inhibitor, acetazolamide, inhibits
NaHCO3 reabsorption and associated NaCl reabsorption
(bicarbonate—dependent reabsorption) in a molar ratio of about
1:2 in normonatremic dogs [17, 20]. Since acetazolamide greatly
increases chloride excretion only during ethacrynic acid infu-
sion, the bicarbonate—dependent reabsorption of NaCl is local-
ized to the proximal tubules. Another distinction is that the
transcellular NaCl and NaHCO3 reabsorption require energy
whereas the bicarbonate-dependent NaC1 reabsorption re-
quires no additional energy and, for that and other reasons,
probably proceeds along a paracellular route [21, 22]. After
application of both pharmacological inhibitors in volume—ex-
panded dogs, the reabsorptive capacities for both ethacrynic
acid— and acetazolamide—sensitive fractions of NaCl reabsorp-
tion are exceeded and changes in filtered load equal changes in
urinary excretion [18].
To further examine the properties of NaHCO3 reabsorption
and associated NaC1 reabsorption in the proximal tubules in the
present study on volume—expanded anesthetized , hyper-
natremia was induced during continuous ethacrynic acid infu-
sion. The first object was to see whether the reabsorption of
sodium and chloride could be raised by increasing the concen-
tration of NaCI in the tubular fluid after inhibiting transcellular
NaC1 reabsorption by ethacrynic acid. To ensure saturation of
distal NaHCO3 reabsorption, the experiments were performed
at a HCO, of about 30 m. Changes in hematocrit and hemo-
globin concentration were avoided during induction of hyper-
natremia by regulating the infusion rates.
In the first set of experiments, the plasma concentration of
NaCI was gradually increased at constant extracellular volume
and plasma pH. A dissociation was found between the inhibi-
tory effects on bicarbonate and chloride reabsorption and there
S20
Hypernatremia and tubular reabsorption 821
was no sign of a stimulatory effect on sodium reabsorption. In
the second set of experiments, the relationship between reab-
sorbed and filtered electrolytes was examined during variations
of GFR, taking advantage of the fact that renal autoregulation is
impaired in volume—expanded dogs during ethacrynic acid
infusion [231. Acetazolamide was subsequently administered to
examine whether the inhibitory effect of hypernatremia alters
the inhibitory effect of acetazolamide. In the third set of
experiments, Pco2 was varied over a wide range at constant
Puco3 to examine whether the inhibitory effects of hypernatre-
mia varies with plasma pH.
Methods
Experiments were performed on a total of 18 mongrel dogs of
both sexes weighing between 12 and 20 kg. They were fasted
overnight, but had free access to water. Anesthesia was in-
duced by intravenous infusion of sodium pentobarbital (Nem-
butal) in a dose of 25 mg/kg body wt and was maintained
throughout the experiment by an additional dose of ito 3 mg/kg
body wt when required. The dogs were ventilated by a dual—
phase control respirator (Harvard Apparatus, Millis, Massachu-
setts, USA) using a mixture of room air and oxygen to keep P02
and Pco, constant at the desired level. Body temperature was
kept at a normal level by heating pads and by heating all
infusates.
Surgical procedure. The left kidney was exposed through a
flank incision and all visible nerves along the renal pedicle were
divided. A tightly fitting flowmeter probe was placed on the
renal artery to measure RBF by a square—wave electromagnetic
flowmeter (Nycotron, Drammen, Norway) which had been
calibrated as previously described [161. A nylon snare around
the renal artery, distal to the flowmeter probe, was used to
occlude the renal artery for zero checking of the flowmeter
probe at regular intervals throughout the experiments. A
Blalock clamp was placed around the aorta just above the origin
of the renal arteries to enable gradual reduction of the renal
perfusion pressure. To increase systemic blood pressure, inflat-
able cuffs allowing compression of the carotid arteries were
placed around the neck. A soft polyvinyl catheter was inserted
into the ureter for urine collection. Polyethylene catheters were
inserted into a femoral vein for intravenous infusions and into
the femoral artery for pressure recording and blood sampling.
Renal arterial perfusion pressure was measured with an elec-
tronic pressure transducer (Statham P23Gb, Gould Instru-
ments, Puerto Rico) and recorded, together with the output of
the flowmeter, on a Sanborn recorder (Hewlett Packard 7700
United Technology, Downers Grove, Illinois, USA).
Experimental procedure. A modified Ringer's solution (con-
taining 120 mivi NaC1, 25 mrvi NaHCO3, 8 mrvi KC1, 3 mM CaC12,
2 mrvi MgSO4, 2 ms KH2PO4) and a 1.3% NaHCO3 solution
were infused separately. The two solutions were infused intra-
venously until a volume corresponding to about 10% of body wt
was infused and PHCO3 was raised to about 30 mrss. Ethacrynic
acid (Edecrin) was administered in a priming dose of 3 mg/kg
body wt, followed by a continuous intravenous infusion at the
rate of 1.5 mg kg' body wt h'. After initial expansion, the
infusion rate of the 1.3% NaHCO3 and Ringer's solutions were
adjusted to variations in urine flow to maintain plasma hemato-
crit and hemoglobin concentrations constant throughout the
experiments. Plasma potassium concentration was kept be-
tween 3—5 mM.
To measure GFR, creatinine (40 mg/kg body wt) was admin-
istered intravenously in a priming dose followed by a continu-
ous infusion at the rate of 0.6mg kg body wt min'.
In the first series of experiments on six dogs after control
clearance periods, the plasma NaC1 concentration was in-
creased in steps by gradually replacing the modified Ringer
solution by 2.9% NaCI solution. Clearance periods were ob-
tained under steady state conditions at various plasma concen-
trations until PNa exceeded 200 ms. In this series, P02 was not
altered and PHCO3 was kept constant at about 30 mM.
In the second series of experiments in six dogs, the relation-
ship between reabsorption and filtered load was first examined
during variations of GFR at control PNa and then after raising
PNa to 190 to 200 m. Finally, the relationship between
reabsorption and filtered load was examined after intravenous
administration of acetazolamide (30 mg/kg body wt). GFR was
reduced by constricting the suprarenal aorta and raised by
compressing the carotid arteries.
In the third series of experiments in six dogs, the plasma pH
was altered before and after inducing hypernatremia by adding
CO2 to the respiratory air or by hyperventilation. Puco, was
kept constant at about 30 m and hematocrit and hemoglobin
concentration monitored by adjusting the infusion rates.
Analytical procedure. Urine and plasma samples obtained in
the middle of the clearance periods were analyzed for creatinine
to estimate GFR [241. Sodium and potassium concentrations
were measured with a flame photometer, Model 343 (Instru-
mentation Laboratories, Inc., Lexington, Massachusetts,
USA). Chloride concentrations were measured by a CMT 10
chloride titrator (Radiometer, Copenhagen, Denmark). Arterial
blood and urine samples were collected anaerobically and
immediately analyzed for pH, P02 and Pco2 by a Model 613 pH
Blood Gas Analyzer (Instrumentation Laboratories). The con-
centration of bicarbonate was calculated from the Henderson-
Hasselbalch formula for arterial blood and urine, taking previ-
ously reported precautions [16]. Filtered loads were corrected
by a Donnan factor of 0.95 for sodium and potassium and a
factor of 1.05 for chloride and bicarbonate. Plasma hemoglobin
was determined with the cyanmethhemoglobin method [25] and
hematocrit by centrifugation (Cellocrit 2AB, Ljungberg and
Co., Stockholm, Sweden).
Statistical methods. Because each dog served as its own
control, Wilcoxon's signed Rank test was used to evaluate
differences between pairs of observations [26]. Differences
were regarded as not significant at P > 0.05. The data are
presented as arithmetic mean SE and regression equations
were calculated using standard procedures.
Results
Progressive hypernatremia
During continuous infusion of ethacrynic acid in the first
series of experiments on six volume—expanded dogs, the re-
maining sodium reabsorption averaged 63 4% and the remain-
ing chloride reabsorption 54 3% of the filtered loads. PHCO3
was kept conStant at 29 2 m, ensuring excretion of 23 4%
of the filtered load of bicarbonate. By reducing the infusion rate
of the modified Ringer's solution during infusion of 2.9% NaC1
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Table 1. Effects of hypernatremia on renal electrolyte handling at comparable glomerular
filtration rates during continuous infusion of ethacrynic acid
•Unne
Sodium Chloride Bicarbonate
Rb
RBF
mu
mhz
GFR
mu
mm
RPP
mm
Hg
flow
ml!
mm
Reab
pinolel
mm
Excr
jzmole/
mm
Reab
p.mole/
mm
Excr
p.mole!
mm
Reab
p.mole/
mhz
Excr
p.mole/
mm
Plas-
ma
pH
P,02
mm
Hg
PHCO3
mat
PNa
mac
'2C1
mac
'2K
mat
8
'0°
ml Hct
Control 271 30 98 11.3 2745 1381 1867 1357 691 214 7.50 37.2 29 146 105 4.0 11.0 33
±82 ±4 ±10 ±2.4 ±255 ±323 ±201 ±256 +76 ±70 ±0.04 ±0.6 ±1 ±1 ±1 ±0.2 ±0.7 ±2
Hypema- 287 31 128 19.9 2030 3585 1545 3510 464 442 7.48 38.7 28 189 154 4.3 10.7 29
tremia ±72 ±1 ±9 ±2.7 ±355 ±612 ±278 ±599 ±66 ±88 ±0.01 ±0.8 ±1 ±6 ±6 ±0.2 ±1.3 ±3
Differ- 16 1 30 8.6 —715 2204 —322 2153 —277 228 —0.02 1.5 —1 43 49 0.3 —0.3 —4
ence ±14 ±2 ±8 ±1.6 ±49 ±359 ±156 ±394 ±46 ±39 ±0.01 ±0.5 ±1 ±6 ±7 ±0.2 ±1.0 ±3
P NS NS <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 NS NS NS <0.05 <0.05 NS NS NS
Data represent mean ± 5E of experiments in six dogs. Hypernatremia was induced by replacing infusion of a modified Ringer solution with 2.9%
NaC1. Abbreviations are: RBF, renal blood flow; GFR, glomerular ifitration rate; RPP, renal perfusion pressure; Reab, reabsorption; Excr,
excretion. P> 0.05 was considered not significant (NS).
solution at increasing rates, Na was gradually increased from
146 ± 1 to 210 ± 3 mxvi without altering hematocrit and
hemoglobin concentration. Plasma pH was kept constant at
7.49 ± 0.03. As Na was raised toward 160 to 170 mivi, GFR
increased from 30 ± 4 to 33 ± 4 mlJmin. By further increments
of Na, GFR fell and was at a Na of 189 mM, not significantly
different from control values. Table 1 summarizes the effects of
raising Na from 146 ± 1 m to 189 ± 6 mit Hypernatremia
reduced sodium, chloride and bicarbonate reabsorption without
significant changes in RBF, plasma pH, hematocrit and hemo-
globin concentrations. Hematocrit averaged 33.5 ± 1.3 and
hemoglobin concentration 11.1 ± 0.6 g/100 ml and were kept
constant during hypernatremia, as during normonatremia, by
regulating the infusion rates in experiments lasting two to three
hours.
Figure 1 shows the effect of progressively raising Na in a
single experiment and Figure 2 summarizes the relationships
between tubular reabsorption and Na in experiments on all six
dogs. To compare data from different dogs, changes in reab-
sorption are expressed in percent of reabsorption at Na 145 mrvi
after administration of ethacrynic acid in each dog. As apparent
from the two lower panels of Figures 1 and 2, bicarbonate and
water reabsorption declined in proportion to Na until Na
exceeded 200 m. The regression equations, when reabsorp-
tion is expressed in percent, are:
HCO3 reabsorption —0.60 Na + 183 (r = 0.76)
1120 reabsorption = —0.59 PN + 179 (r 0.73)
At Na 200 mst, bicarbonate and water reabsorption were
reduced by 37 ± 3% and 39 ± 4% respectively. There was a
close relationship in each experiment between changes in
bicarbonate and water reabsorption (r> 0.95).
In contrast to the linear relationships between bicarbonate
and water reabsorption and DNa, chloride reabsorption was not
significantly altered up to PNa 170 to 180 mM, but fell in
proportion to Na as PNa exceeded 180 m (Figs. 1 and 2). Since
both bicarbonate and chloride reabsorption are associated with
sodium reabsorption, a small reduction in sodium reabsorption
was noticed at Na 160 m and sodium reabsorption fell more
steeply at higher DNa, even when GFR was kept constant. At
PNa 200 m, sodium reabsorption was reduced by 22 ± 6%.
In these experiments performed during continuous ethacry-
nic acid infusion, the osmolalities of urine and plasma were not
significantly different. Before elevation Of Na, urine and plasma
osmolality were 294 ± 3 mosmlkg 1120 and 285 ± 6 mosmlkg
H20, respectively. At the highest PNa, urine and plasma
osmolality were 404 ± 8 mosm/kg H20 and 400 ± 9 mOsm/kg
1120 respectively.
Figure 3 shows, for a single experiment, the calculated
reabsorbate concentration during progressive elevation of PNa.
The rise in the reabsorbate concentration of sodium was not
significantly different from the rise in PNa. This increase was
associated with a parallel increase in the reabsorbate concen-
tration of chloride, whereas the reabsorbate concentration of
bicarbonate remained constant or fell slightly.
Clearance titration
In the second series of experiments on six dogs, ethacrynic
acid infusion reduced sodium reabsorption to 62 ± 3% and
chloride reabsorption to 53 ± 2% of the filtered loads. In these
experiments, PHCO3 averaged 30 ± 1 m and Pc02 5.3 ± 0.2 kPa
(39.9 ± 1.5 mm Hg). Elevation Of PNa from 149 ± 2 m to 199
± 3 mst was associated with a rise in plasma osmolality of 102
± 9 mosmlkg H20. At this high PNa' GFR fell significantly, but
excretion of sodium, chloride and bicarbonate increased. Ad-
ministration of acetazolamide (30 mg/kg body wt) during
hypernatremia resulted in a further reduction of GFR, but
excretion of sodium, chloride and bicarbonate increased. The
results are summarized in Table 2. Systemic blood pressure fell
by 27 ± 6%, and in proportion to the reduction in RBF.
Figures 4 and 5 illustrate the effects of altering GFR in these
six dogs by varying the renal arterial perfusion pressure. To
compare data from different dogs, control values during
normonatremia after administration of ethacrynic acid before
altering renal arterial perfusion pressure were set to 100% and
the reabsorption rates adjusted accordingly. By raising or
lowering the systemic blood pressure, glomerulotubular bal-
ance (0TH) defined as a linear relationship between reabsorp-
tion and GFR after ethacrynic acid administration applied
during normonatremia over a wide range of GFR. Hypernatre-
mia (PN = 199 ± 3 mM) inhibited sodium, chloride and
bicarbonate reabsorption, less at low than at control GFR
(impaired GTB). After acetazolamide administration, control
GFR could be re-established by increasing the perfusion pres-
sure. Sodium, chloride and bicarbonate reabsorption were not
significantly altered by variations in GFR between 40 and 100%
of control (abolished 0TH). At control GFR, only about 20% of
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Fig. 1. Effects of gradual increments in plasma NaG! concentration on
tubular reabsorption of sodium, chloride, bicarbonate and water. Data
from a single experiment during continuous infusion of ethacrynic acid.
Symbols are: 0, control; I, hypernatremia.
control bicarbonate reabsorption remained during hypernatre-
mia after administration of acetazolamide. The inhibitory ef-
fects were similar, whether plotted against comparable GFR
(Fig. 4) or comparable filtered load (Fig. 5).
In these experiments, hypernatremia reduced sodium, chlo-
ride and bicarbonate reabsorption in molar ratios of 2.8 0.2:
1.8 0.3: 1. Acetazolamide administration during hypernatre-
mia inhibited sodium, chloride and bicarbonate reabsorption in
molar ratios of 3.0 0.2:1.9 0.2:1. Thus, both the effect of
hypernatremia (PNS 199 mM) and acetazolamide (30 mg/kg
body wt) are consistent with an inhibition of reabsorption of
about two molecules of NaC1 for each molecule of NaHCO3. As
apparent from Figures 4 and 5, the quantitative effects of
hypernatremia and acetazolamide were also similar.
I I
140 160 180 200 220
Plasma sodium concentration, mM
FIg. 2. Changes in electrolyte and water reabsorption related to plasma
sodium concentration. Data from experiments in six dogs during
continuous infusion of ethacrynic acid. Reabsorption in control periods
before hypernatremia was set to 100% in each experiment. Symbols
are: 0, control;•, hypernatremia.
Hypernatremia at djfferent plasma pH
In the third series of experiments in six dogs, plasma pH was
altered between pH 7.1 and pH 7.8 by changing Pco2 at constant
PHCO3, averaging 30.5 0.3 mrvi (Fig. 6). In these dogs,
, I
I • S S
S
S
I I I •
140 160 180 200 220
Plasma sodium concentration, m
Fig. 3. Calculated reabsorbate concentrations of sodium, chloride and
bicarbonate plotted against plasma Na concentration. Data from one
experiment dining continuous infusion of ethacrynic acid. Plasma and
urine osmolalities were not significantly different as hypernatremia
developed. Symbols are: C, control; •, hypernatremia.
ethacrynic acid infusion had reduced sodium reabsorption to 62
13% and chloride reabsorption to 52 11% of the filtered
load PCO2 was altered between 2.7 0.2 kPa (20.3 1.5 mm
Hg) and 12.5 0.7 kPA (94.0 5.3 mm Hg). In agreement with
previous observations, NaHCO3 reabsorption and the associ-
ated NaCI reabsorption varied greatly with plasma pH 1271.
Hypernatremia (PNa 213 4 mrt) reduced reabsorption equally
at high and low plasma pH. Fractional reabsorption was,
therefore, more reduced at high than at low plasma pH. At
plasma pH 7.4, hypernatremia reduced sodium reabsorption by
21 6%, chloride reabsorption by 11 5% and bicarbonate
reabsorption by 37 7%. In three experiments, hypercapnia
Site of inhibition
Our data shows that hypernatremia depresses the
bicarbonate—dependent tubular reabsorption and does not sup-
port the view that an inverse relationship exists between
bicarbonate and chloride reabsorption in the proximal tubules.
Pitts and Lotspeich [8] examined the effect of hypernatremia
on the dog kidney at normal HCO3 and Pa€2, whereas Hilton et
al [9] examined the effect of hypertonic NaC1 infusion in dogs
during respiratory acidosis. Both groups of investigators found
a reduction in bicarbonate reabsorption associated with an
increase in chloride reabsorption. The increase in chloride
reabsorption and an increase in sodium reabsorption, observed
in previous studies without pharmacological inhibition [2, 3,
8—14], probably reflect increased NaC1 reabsorption in the thick
ascending limb of Henle's loop. The single failure to find
increased NaCl reabsorption in kidneys without distal blockade
[7] may reflect high delivery of NaC1 to Henle's loop in the
control periods [16]. In our study, the distal capacity for
transcellular NaC1 reabsorption was exceeded by administering
ethacrynic acid [18].
Two clearance studies of the effects of hypernatremia have
been previously performed on dogs after administration of
ethacrynic acid. Bresler et al [1] concluded that GTB was
maintained whether the filtered load of sodium was raised by
increasing Na or GFR, but in most of their experiments,
changes in GFR and PNa occurred concurrently. Puschett et al
[4] found that hypernatremia had no effect on the remaining
sodium reabsorption, but only few observations were made at
'Na exceeding 180 m. Consistent with our observations, they
found that a rise in Na impaired GTB.
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was induced before hypocapnia and, in the other three experi-
I $ ments, the order of procedure was reversed. Examinations at
normocapnia showed that neither the changes in PCO2, nor
hypernatremia, had any significant effects on GFR, RBF and
sodium, chloride and bicarbonate reabsorption for up to two
hours.
Discussion
This study in anesthetized dogs was designed to investigate
the effect of selective elevation of plasma concentration of NaC1
on the tubular reabsorption remaining during continuous infu-
sion of ethacrynic acid. Precautions were taken to examine the
effects of hypernatremia at constant expansion of the extracel-
lular volume and at comparable plasma pH and GFR. PHco, was
kept high and constant to ensure saturation of distal bicarbonate
reabsorption. Bicarbonate and water reabsorption were in-
versely related to changes in PNa from 140 to 200 m. The
inhibitory effects on bicarbonate and chloride reabsorption
dissociated because chloride reabsorption did not fall signifi-
cantly before Na exceeded 170 to 180 m, There was no
evidence of a stimulatory effect on NaC1 reabsorption by raising
the concentration of NaC1 in the proximal tubular fluid. The
most likely interpretation is that transcellular NaC1 reabsorp-
tion in the proximal tubules had either reached its maximal
capacity at physiological PNa or did not exist at all. The
reductions in bicarbonate and chloride reabsorption were
slightly underestimated because no correction of the Donnan
factor was made for a rise in plasma electrolyte concentration
[28].
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Table 2. Effect of hypernatremia (infusion of 2.9% NaC1) and acetazolamide (30 mg/kg body wt) on renal hemodynamics and ion reabsorption
in volume-expanded dogs during continuous infusion of ethacrynic acid
RBF GFR
Unne flow
ml!
Sodium Chloride Bicarbonate Potassium
Reab .smole/ Excr Reab mole/ Excr Reab Excr Excr
ml! ml! mm mm mole/ mm pmole/ mole/ pmole/ mole/
mm mm mm mm mm mm mm
1) Control 388 30 45 3 18.9 2.8 3914 101 2397 378 2599 50 2281 338 1071 47 328 83 218 23
2) Hypernatremia 418 55 39 3 25,1 3.0 2736 205 4803 582 1855 167 4520 550 643 48 501 88 222 22
3) Hypernatremia &
acetazolamide 278 29 29 5 21,7 3.9 1469 180 4339 766 1066 125 3905 709 215 24 623 125 160 21
Difference2—1 30±46 6±2 —6.2±1.3 —1178±175 2406±334 —744±143 2239±315 —428±52 173± 44 4±10P NS <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 NS
Difference 2 — 3 140 56 10 2 3.4 2.1 1267 69 464 456 789 62 615 436 428 35 —122 61 62 15
P <0.05 <0.05 NS <0.05 NS <0.05 NS <0.05 NS <0.05
Data represent mean SE of experiments in six dogs. Abbreviations as in Table 1.
Micropuncture studies have given conflicting results.
Giebisch et a! [2] and Lassiter et a! [3] found that fractional
reabsorption of proximal tubular fluid in rats remained con-
stant, suggesting a rise in sodium reabsorption until sodium
excretion exceeded 10 to 13% of the ifitered load. In a
microperfusion study on the proximal tubules of rats, Baldamus
et al [5] found that net sodium reabsorption remained constant
as PNa was raised from 155 to 300 mrs. In another microperfu-
sion study on proximal tubular segments from rabbits, Corman
et al [6] found that sodium reabsorption remained relatively
constant up to PNa 150 m, but decreased at higher PNa. Anion
reabsorption was not measured in any of these studies.
Mechanism of the inhibitory effects of hypernatremia
The failure to stimulate sodium reabsorption and the discrep-
ancy between the inhibitory effects on bicarbonate and chloride
reabsorption were consistent with a previously proposed model
for bicarbonate—dependent reabsorption [21, 30]. Transcellular
energy—requiring transport of NaHCO3 generated a difference
in NaHCO3 concentration across the tight junction of the
proximal tubules and thus provided the main osmotic force for
paracellular reabsorption of water and electrolytes to which the
tight junction was permeable. By inhibiting transcellular
NaHCO3 reabsorption, hypernatremia reduced the osmotic
force for fluid reabsorption. At moderate hypernatremia, the
rise in chloride concentration of the tubular fluid transported
across the tight junction compensated for the reduction in fluid
reabsorption, but chloride reabsorption fell as more severe
hypernatremia developed.
Why hypernatremia inhibited transcellular NaHCO3 reab-
sorption was less clear. One possibility to be considered is that
hypernatremia distorted tubular function by shrinking the tubu-
lar cells. Cell shrinkage may cause inhibition of sodium trans-
port in frog skin [31], toad bladder [32] and the pancreas of pigs
[33]. In the kidney, inhibition of electrolyte reabsorption would
be expected to follow a similar pattern, as after administration
of osmotic diuretics such as mannitol. However, despite drastic
reduction in tubular cell volume, bicarbonate reabsorption [34,
35] and renal oxygen consumption [36] remain essentially
unaltered, signifying proximal transcellular reabsorption during
mannitol infusion; mannitol infusion increased the reabsorbate
concentration of NaHCO3, but not the reabsorbate concentra-
tion of NaCl in experiments performed during continuous
infusion of ethacrynic acid. Hence, osmotic diuretics probably
act in the proximal tubules by opposing paracellular reabsorp-
tion [35]. In contrast, the calculated rise in reabsorbate concen-
tration during hypernatremia was due to a rise in NaCl concen-
tration, whereas the bicarbonate concentration of the reabsorb-
ate remained almost constant (Fig. 3). Thus, hypernatremia
seems to act by inhibiting transcellular NaHCO3 reabsorption.
Hypernatremia leads to cellular dehydration and might in-
duce severe central nervous and circulatory disturbances.
However, the effects on the kidney were remarkably small
since electrolyte excretion, after more than two hours of
hypernatremia, returned to control values as GFR and plasma
pH were re-established.
In previous studies on hypernatremia, no attempts have been
made to keep extracellular volume and plasma pH constant and
the inhibitory effects of hypematremia come, therefore, in
addition to the effects of expansion of the extracellular volume
and changes in plasma pH. That hypernatremia exerts an
inhibitory effect independent of extracellular volume expansion
was demonstrated by Kamm and Levinsky [7] who induced a
unilateral effect by infusing hypertonic saline into one renal
artery of dogs. In the present study, hemoglobin concentration
and hematocrit, as indicators of blood volume, were kept
constant by regulating the infusion rates. During ethacrynic
acid infusion, caution was required to prevent dehydration of
the dogs. Because renal autoregulation was less impaired [23],
and the delivery of NaC1 from the proximal tubules may be
insufficient during ethacrynic acid infusion in hydropenic dogs
[18], we chose to keep blood volume expanded by about 40%.
This degree of expansion was decided on because a previous
study using a similar experimental approach showed that max-
imal inhibition during infusion of isotonic Ringer's solution was
reached by expanding the plasma blood volume by about 40%
[18]. The marked effect of hypernatremia came, therefore, in
addition to the effect of expansion of extracellular volume. An
inhibitory effect of 39% at PNa 200 m of the tubular fluid
reabsorption remaining during ethacrynic acid infusion was five
to six times greater than could be induced by isotonic expansion
of the extracellular volume. The maximal inhibitory effect on
water, sodium, bicarbonate and chloride reabsorption of ex-
panding the extracellular volume in dogs during ethacrynic acid
infusion at comparable GFR amounted to 6 to 8% [18]. It is
conceivable that expansion of the extracellular volume and
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Fig. 4. Effects of varying glomerular filtration rate before and during
hypernatremia (PN,C 199 3 mM) and after subsequent acetazolamide
administration (30 mg/kg body wt). Data from experiments in six dogs.
Reabsorption and GFR incontrol periods, during ethacryruc acid infusion
and before hypematremia, were set to 100% ineach dog. Symbols are: 0,
control; •, hypernatremia; D, hypernatremia and acetazolamide.
hypernatremia both reduce NaCI reabsorption by inhibiting
NaHCO3 reabsorption.
50
0
100
000 00 000
o0
cxD0 00
oO
75
25
125
75
25
150
0 00 00 0
150
I I —
50 100
Filtered chloride, % of control
s00
,'..0 000 o
00
00
00
oOJj1• •:•
.5.000
•. .5
00 i•
S• .
••UoP0 0 0
0 00°00 0
0 I I I0 50 100 150
Filtered bicarbonate, % of control
Fig. 5. Reabsorption of sodium, chloride and bicarbonate during
control, during hypernatremia and after subsequent acetazolamide
administration (30 mg/kg body wt) plotted against filtered loads. Data
from same experiments as in Figure 4. Reabsorption and filtered load,
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hypernatremia, were set to 100% in each dog. Filtered load during
control, during hypernatremia and after acetazolamide administration
was altered by varying GFR. Symbols are: 0, control; •,
hypernatremia; 0, hypernatremia and acetazolamide.
To further characterize the inhibitory effect of hypernatre-
mia, acetazolamide was administered. Unexpectedly, we found
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that the inhibitory effect of acetazolamide was not impaired by
hypernatremia. The combined effect of hypernatremia and
acetazolamide (30 mg/kg body wt) was a reduction in bicarbon-
ate reabsorption by more than 80% at control GFR and abol-
ished GTB for sodium, chloride and bicarbonate over a wide
range of GFR (Figs. 4 and 5). To obtain a similar effect in
normonatremic volume—expanded dogs, at least 300 to 400
mg/kg body wt of acetazolamide is required [37]. Since hyper-
natremia (PNa 200 mM) and acetazolamide inhibited NaHCO3
and NaC1 reabsorption in the same 1:2 molar ratio as in
experiments performed during normonatremia [17, 20], it is
unlikely that the inhibitory effect of hypernatremia on NaHCO3
reabsorption was due to increased back leakage of bicarbonate
across the tight junction.
By examining the effect of hypernatremia at different Pco2
(Fig. 6), it was shown that hypernatremia exerted almost the
same absolute inhibitory effect at high and low plasma pH. This
response differed from that observed after administration of
acetazolamide during extracellular volume expansion in
normonatremic dogs in which acetazolarnide inhibited bicar-
bonate, chloride and sodium reabsorption more at low than at
high plasma pH [27]. However, these experiments do not deny
that expansion of the extracellular volume and hypernatremia
inhibit transcellular NaHCO3 reabsorption by the same mech-
anism. It is apparent from Figure 6 that increases in plasma pH
alter bicarbonate—dependent proximal reabsorption more than
can be achieved even by hypernatremia. It is, therefore, man-
datory that Pco, and PHCO3 are well controlled in any study of
proximal tubular reabsorption [38].
The reason for the pH sensitivity of proximal tubular reab-
sorption may be that a reduction in plasma pH increases
intracellular hydrogen ion concentration much more in tubular
cells than in the tubular fluid and thus increases the concentra-
tion gradient for hydrogen ions across the luminal cell mem-
brane of the proximal tubules. Increased hydrogen ion secretion
leads to increased reabsorption of NaHCO3 and Na2HPO4,
provided the filtered loads are adequate [38, 39]. Thus, under in
vivo conditions, a rise in the concentration gradient for hydro-
gen ions, rather than for sodium ions, seems to provide the
driving force for the Na/H exchange across the luminal cell
membrane [27]. The inhibition of NaHCO3 reabsorption by
hypernatremia, which would be expected to increase the con-
centration gradient for sodium ions across the luminal cell
membrane, is consistent with this concept.
We conclude that the inverse relationship between bicarbon-
ate and chloride reabsorption, observed in previous studies on
kidneys without pharmacological inhibition of transcellular
NaCl reabsorption, is due to inhibition of reabsorption of
NaHCO3 in the proximal tubules and enhancement of transcel-
lular NaCl reabsorption in Henle's loop as a consequence of
increased tubular NaCl concentration along the thick ascending
limb [21, 39]. In contrast, no stimulation of sodium reabsorption
is found by raising NaCl concentration in the proximal tubular
fluid. The inhibitory effects at high PNa differ from the osmotic
effect that can be induced by mannitol infusion and are much
greater than the maximal inhibitory effects of expansion of the
extracellular volume. The inhibitory effect of hypernatremia is
not caused by inhibition of carbonic anhydrase activity and it is
independent of changes in plasma pH. All observations in the
present study are compatible with the hypothesis that hyperna- tremia inhibits transcellular NaHCO3 reabsorption and the
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associated paracellular reabsorption of NaC1 progressively as
Na is raised, but the cellular mechanisms involved remain to be
explored.
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